ABSTRACT New CCD photometric observations of fourteen short-period low-mass eclipsing binaries (LMB) in the photometric filters I, R and V were used for the light curve analysis. There still exists a discrepancy between radii as observed and those derived from the theoretical modelling for LMB in general. Mass calibration of all observed LMB was done using only the photometric indices. The light curve modelling of these selected systems were performed, yielding the new derived masses and radii for both components. We compared these systems with the compilation of other known double-lined LMB systems with uncertainties of masses and radii less then 5 %, which includes 66 components of binaries where both spectroscopy and photometry were combined together. All of our systems are circular short-period binaries, and for some of them the photospheric spots were also used. A purely photometric study of the light curves without spectroscopy seems unable to achieve high enough precision and accuracy in the masses and radii to provide for a meaningful test of the M-R relation for low-mass stars.
INTRODUCTION
Low-mass stars (M 1.0 M ⊙ , Morales et al. 2011) are the most common type of stars (Kroupa et al. 2013) . Despite this fact, it seems that models describing the evolution of the stars are not sufficiently robust and show inconsistencies around 3 % in radius at a fixed mass and up to 10 % in some cases Spada et al. 2013 ). This can be explained by the presence of large-scale magnetic fields that reduce convective efficiency and induce stellar spots on the surfaces of the stars (see e.g. Chabrier et al. (2007) or Torres et al. (2010) . These phenomena are not often included in models of stellar evolution as well as the rotation of stars. Inconsistency appears to be more apparent for close binary systems due to the high rotation velocity. Rotation period is synchronized with the orbital period due to the tidal forces.
To date, over sixty of such components were observed both via spectroscopy and photometry together and analysed simultaneously, yielding the precise and accurate (uncertainties of masses and radii less than 5 %) values of masses and radii. The main motivation of this work was the easy availability of a large number of highprecision photometric observations (for example from the Kepler survey), in which a large number of LMB was detected (Coughlin et al. 2011) . Therefore, we decided to test whether the M-R relation discrepancy could be observed also from the sole ground-based photometry.
DATA
All new photometric observations of fourteen binaries were carried out in the Ondřejov Observatory in the Czech Republic with the 0.65-m reflecting-type telescope and the G2-3200 CCD camera. Observations were collected from Feb 2015 to Nov 2016 in filters I, R and V (Bessell 1990 ). Some of the older observations obtained only in R filter were used for refining the individual orbital periods.
The stars were chosen mainly from the catalog of Hoffman et al. (2008) . For the selection of suitable stars we used several criteria. Its classification as a low-mass binary was done using the photometric indices J − H and H − K which are known from the 2MASS survey (Cutri et al. 2003 ) (J − H > 0.25 and H − K > 0. 07 Pecaut & Mamajek (2013) 1 ). Furthermore, we selected binary systems which have short orbital periods (P < 1.5 days). There were two reasons for this: First, we wanted to analyse as many systems as possible, and secondly, discrepancy should be more apparent for the short-period systems. We did not consider observing binaries with longer orbital periods. Furthermore, we chose the declination to be higher than +30
• . This guaranteed that the systems are easily observable throughout most of the year from our observatory. The last criterion was that these systems were not analysed in detail before. We chose eleven systems in Hoffman's catalog, two more were found in measured field (one of them is on the edge of criteria) and one star was added later.
An example of the individual data are listed in Table  1 . Some more details about the observations are listed in Table 9 .
ANALYSIS
Standard calibration (dark frame, flat field) was applied to the observed frames. The light curves were obtained using an aperture photometry (Motl 2011) 2 . As a comparison star we chose a star which satisfies (as best as possible) the following conditions. That star should be as bright as the binary. And spectral type of comparison and binary must be the same. Of course, comparison's brightness is constant.
The light curves were analysed using the program PHOEBE (Prša & Zwitter 2005) , which is based on the Wilson-Devinney algorithm (Wilson & Devinney 1971) . The temperature of the primary component was (similarly to mass) calibrated from the above mentioned tables. Orbital periods were known with only a small accuracy from the Hoffman's publication. Better precision was achieved using the methods of minimizing the phase dispersion and construction of the O − C diagrams (used minima are in Table 10 ). PHOEBE is not designed for determining the orbital period.
No spectroscopic observations were obtained for our selected systems. To estimate the individual component masses we assumed relation between the infrared photometric indices J − H and H − K and mass 3 . For calibration of masses we used large tables of these indices on the website mentioned above. Here are the rules for deriving the mass and its uncertainty:
• Write masses which correspond to the photometric indices (including an error 4 ) using the tables. These two intervals (one for each index) are I 1 and I 2 .
• 1. I 3 = I 1 ∩ I 2 = I 1 or I 3 = I 1 ∩ I 2 = I 2 : then mass is average of M 1 and M 2 .
. Then mass can be estimate as a weighted average where weights are lengths of the intervals:
• 3. I 1 ∩ I 2 = ∅: then min(I i ) < max(I i ) < min(I j ) < max(I j ). Again, mass will be estimated 3 The reddening due to interstellar extinction is small for infrared indices. All of measured binaries are LMB. Hence, we assume an error caused by reddening is small enough because of relatively short distance between us and the binaries.
4 J − H = 0.523(59), write mass for 0.464 and 0.582 as a weighted average:
• Lower/Upper uncertainty was estimated similarly. For lower limit:
For upper limit there are max in absolute values instead of min. Same rule was used for σ(T ) and σ (M bol ). In these cases we calculated average of lower and upper uncertainties.
• Mass of secondary component is computed as M 2 = M 1 · q and we used propagation of uncertainties (we assumed σ(q) = 0.05).
We deal with the effect, that seems to be caused by magnetic fields. Therefore, we must take into account the presence of stellar spots that deform the light curve. For the asymmetric light curves the stellar spots were considered as a hypothesis. However, the suitability of placing the spot(s) was tested using the so-called BIC criterion (Schwarz 1978) which connects the resulting chi-square with the number of parameters used and the degrees of freedom.
Firstly, we assume that the mass ratio is equal to 1. We then let the model parameters converge so that the theoretical curve coincides with the observed one. Because the mass ratio is probably not equal to 1, we used the M-L relation in the form
where L bol 1 and L bol 2 are the bolometric luminosities. The equation was modified according to Graczyk (2003) and Eker et al. (2015) . Then again we let the model parameters converge and the process is repeated until the mass ratio changes were negligible (less than 0.02) and the best χ 2 value was obtained. We describe the analysis of one system (NSVS 363024) step by step. Then some interesting systems were chosen and briefly mentioned in the following sections 4.1-4.7.
NSVS 363024 was observed between 31st Jan 2015 and 25th July 2016 (see Table 8 ). In this period we measured three primary and two secondary minima (Table  10 ). All images were processed in a standard way. We applied correction frames, chose a suitable comparison star and aperture. Then we obtained the light curves for each photometric filter. All the observed minima were used for refining the orbital period via an O − C diagram analysis. Depending on the remoteness in time of observed minima, we have refined the orbital period of one to two orders of magnitude (compare values in Table 2 and Table 3 ).
After that we estimate the mass and temperature of primary using the photometric indices (only J − H and H − K was known), as described above. We let the mass ratio equal to one and set reflection effect with 2 reflections. Fine and course grid raster for both components were set to 30. We started with hypothesis that NSVS 363024 is a detached binary system and chose this model as one of option of PHOEBE. We checked this hypothesis during the whole fitting process. All the available photometric filters were fitted simultaneously. At first, we fitted parameters that have a significant effect on the light curve. These are the relative luminosity of components L 1 and L 2 , inclination i, surface gravity potentials Ω 1 and Ω 2 and temperature of secondary component T 2 . Further, we let converge parameters of the second order (albedos A i , coefficients of gravitational darkening g i and parameters of synchronicity F i ). They have considerable errors often, because our photometric observations were affected by observing conditions. Then we fitted some of first order parameters again and some of second order parameters but the values in the correlation matrix of these parameters should not exceed 0.7 and cannot exceed 0.8. This criterion selected groups of parameters which could be and were fitted together. Next, we can try to fit the third light L 3 and add a stellar spot. Spot's parameters could be estimated from asymmetry of the light curve. Because the effective temperature and radius of a spot are correlated we assumed that ratio of spot temperature and star temperature is higher than 0.65 analogically to the sunspots. The ratio should by even higher for cooler stars (Berdyugina 2005) . Finally, when the fit of the light curve is as good as it can be we change value of mass ratio as it is determined by Eq. 5. The whole procedure was repeated until the changes of the mass ratio are negligible. Then we can add more stellar spots and repeat the procedure. But we had to check the BIC criterion for optimal number of spots. Limb darkening coefficient was derived via tables published by van Hamme (1993) . The whole fitting process was finished when χ 2 stopped decreasing its value and residuals are symmetric around the zero value. A very similar process was applied to all systems.
We also try to fix the second order parameters (F i = 1, A i = 0.6 and g i = 0.32) and carry out the analysis again. We did not change number of spots. The results are given in Table 6 . Changes of values of masses and radii are smaller than their uncertainties in many cases. It is the same for bolometric magnitudes and temperatures. There are two systems (NSVS 2517147 and NSVS 3630887) with significant change of radius (secondary components only). Their radius increase of about 0.1 R ⊙ and mass of the components increase of 0.04 M ⊙ and 0.07 M ⊙ . The alternative solutions still give radii for these two binaries in disagreement with the models. Table 2 summarizes basic information about the studied systems and Table 8 contains basic information about our observations. Some interesting systems were briefly described in the following subsections. NSVS 363024 (2MASS J01535891+7141260) is an eclipsing binary in Cassiopeia constellation. Its maximum brightness in filter V is 12.744 mag. There is not a single detailed publication about this binary, so the spectral type is unknown. It was estimated from the photometric indices. From the above described analysis it revealed that NSVS 363024 is a detached binary system. Light curve shows asymmetry, which was explained via a presence of a stellar spot. Half a year after the last measurement of the secondary minimum we measured that part of the curve twice again. Both observations were carried out in good weather conditions. The shape of the newly measured minima does not coincide with the shape of the minimum which was measured earlier (see Fig. 1 for comparison). Such a spot variability on the timescale of hundreds of days was observed on several other systems, see e.g. Künstler et al. (2015) .
INDIVIDUAL SYSTEMS
) is a detached system with its brightness of 13.361 mag in filter V. Two primary and three secondary minima were observed from 17 Apr 2015 to 19 Jan 2016. Both photometric indices gave us nearly the same masses and effective temperatures. Due to this fact only small uncertainties of masses and temperatures were calculated.
NSVS 2285307
NSVS 2285307 (2MASS J06092156+5832548) is a detached binary with the orbital period around 0.646 days. Its brightness in filter V is 13.441 mag. Data were carried out from 25 Feb 2015 to 09 Dec 2015 and we obtained three primary minima and two secondary minima. It allowed us to refined the orbital period about two orders of magnitude. The light curves of this system were asymmetric. This was explained by a spot on the surface of primary component. Its properties (and properties of others' spots) are in Table 4 . Significant value of the third light (around 16 %) was also detected. We did not find a star which is in the vicinity of the target which can be identified with the high level of the third light. It would be fruitful to carry out spectroscopy and test this hypothesis. 4.4. V0514 Dra V0514 Dra (2MASS J17195483+6947426) is a W UMa type binary whose brightness in filter V max is 12.941 mag. We observed two primary and two secondary minima. On the light curve there is a slight asymmetry which was described by a hot spot on the surface of the primary component. This is the only hot spot as emerged from our analysis.
NSVS 3151384
NSVS 3151384 (2MASS J20194908+6534142) is a typical detached system. Its brightness in filter V is 11.305 mag. Likewise as in the previous case we monitored two primary and two secondary minima. We found very high value of a third light. It is due to a star which is very close to NSVS 3151384. Angular distance of these stars is less than 0.1 arcmin.
4.6. NSVS 3243815 NSVS 324815 (2MASS J20385772+5804567) is another detached binary in our sample. Its light curves were slightly asymmetric (see Fig. 3 ) but we were not able to fit the curves with only one spot. We covered four primary minima and one secondary minimum. There was not any evolution of these spots in nearly two hundred days of the observational span.
4.7. NSVS 3630887 NSVS 3630887 (2MASS J23553953+3912106) is a detached binary. Maximum brightness of this system is 12.439 mag in filter V. We observed one primary and one secondary minimum and two incomplete secondary minima. The light curve of this system is strongly asymmetric. It was explained via only one spot on the surface of primary component. There was also detected a low value of the third light (only 2 % of the luminosity). This small value could be caused by imprecise data.
RESULTS AND DISCUSSION
The parameters of binaries we studied are summarized in the Tables 3 and 5, their light curves are shown in Fig.  3 . Properties of spots are listed in the Table 4 . There are only values of luminosities in the filter R because the scatter of the data was the smallest and values of luminosity in other filters are nearly the same as in the filter R (the differences are few percent only). Mass ratio q was calculated from Eq. (5) and its values are from 0.84 to 1.00.
M-R relation
In Fig. 2 (top left) there are masses and radii of measured stars. Grey lines connect the components of one binary. The curves in the figure are theoretically calculated M-R relation for single stars evolution for five billion years after ZAMS for three different values of metallicity (Spada et al. 2013) . The values of radii are independent on metallicity for masses lower than approximately 0.7 M ⊙ . Hence, we did not take any assumptions of metallicities. Although the theoretical curves are calculated for the given age, it is a good approximation for LMB due to their slow evolution. But the difference caused by evolution can be significant for solar-type stars (four of the studied components).
Only one of the measured star is not located above the theoretical curves of the M-R relation. The discrepancy is not more evident for components with the spots on the surface. For five systems there is a component with and a component without the spot. For three of these systems spot-covered component is further from the curve but in two cases it is the opposite case. Uncertainties of masses of primary components are from 3 % to 20 % and secondary components from 7 % to 21 %. In only few cases the accuracy is good enough to study M-R discrepancy. Hence, it seems that sole photometry cannot be a suitable method for studying the M-R relation discrepancy. In Fig. 2 (top right) our results are compared with masses and radii of LMB for which photometry and spectroscopy were analysed simultaneously (a list of these components is given in Table 7 ).
Another explanation of discrepancy
We can ask if the result will be different when we had a better photometric data. Masses of stars are independent of our data due to the photometric indices calibration. Uncertainties of radii could be smaller, if we had more accurate data but probably the discrepancy would remain. What if measured stars are old enough and their radii are larger due to evolution of stars? To disprove this possibility we calculated an evolution of stars with different masses and metallicities via Evolve ZAMS code (Paxton 2004) . The result was that the discrepancy could not be explained due to the evolution: stars have to be older than the Universe. We also verified that radius is independent on metallicity. Different metallicity have an impact on H-R diagram (see Fig. 2 bottom left) . For explanation of stars' positions on H-R diagram we would need young stars with high metallicity. The uncertainties of temperatures and brightness are big enough to say final statement.
What if these stars have not reached the main sequence yet? They could have bigger radii due to the fact that they are not yet in the hydrostatic equilibrium. In Fig.  2 (bottom right) there are M-R relations for pre-main sequence stars (Stassun et al. 2014 ). This could be a possible explanation which is a very unlikely explanation because the measured stars are not in any nebula, they are ordinary stars in sky field. There are only a few known pre-main sequence eclipsing binaries and it should be an extremely lucky coincidence. Hence to conclude, without spectroscopy we cannot disprove or confirm any such hypothesis.
Another possibility could be unsuitable mass calibration. We tested whether the change of an initial mass of the primary component will have a significant impact on the entire result. This discrepancy could be explained only if the stars have much higher masses. This can be explained by interstellar extinction. It causes that our estimates of masses are more likely lower estimates. On the other hand, these stars are very likely to be in our neighbourhood and that the difference should not be so substantial and IR filters are not so affected by interstellar extinction. To conclude, the problem with the mass calibration is an open question.
CONCLUSION
Masses and radii are shown at Fig. 2 (top left) . Only one of the studied stars is not above the theoretical curve of the M-R relation. We did not observe difference between the radius of the stars that are spotted and those unspotted ones. It is not in accordance with the interpretation of Chabrier et al. (2007) but due to large uncertainties we cannot say anything about this difference. The uncertainties are up to 21 % in determining the masses. The improvement of accuracy could be achieved by using more robust calibration. We compared our results with a compilation of 66 components of binaries where both spectroscopy and photometry were analysed simultaneously (see Fig. 2 top right) . Another explanation of discrepancy in our data may be very low stellar ages (between 5 Myr to 100 Myr) as is shown in Fig. 2  (bottom right) .
Due to the large uncertainties in determining the masses it seems that only photometric observations could not be suitable method for studying the different current models of stellar evolution and observed parameters of LMB. It would be very useful to obtain a good set of spectra of the systems studied and verify the accuracy of the calibration of masses.
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